Electrostatic models of electron-driven proton transfer across a lipid membrane
Biology lives and thrives in the world governed by physical laws. Thus, the molecules in cells are synthesized, fold into their active structure, bind their substrates and release their products and are degraded at a rate that maintains them at appropriate concentrations for each stage of the cell cycle. Orchestrated changes in the concentration, structure or association of key molecules lead to reproduction and the next generation of cells and organisms. Cellular processes occur with no external instructions. Simply the existing molecules, the laws of physics and the input of energy and metabolites yields the collective behavior of these evolved molecules that performs the choreography of being alive. The aim of biophysics is to examine the complexity of biology with the laws of physics and rules of chemistry to understand how life happens.
This short perspective focuses on the proteins that keep the cell out of equilibrium by storing chemical or light energy in an electrical and chemical gradient across cellular membranes (see [1] and references therein). The proteins that carry out these processes are amongst the most complex enzymes known. They are often large proteins with regions that are water-soluble and others that that insert into the membrane lipid bilayer. They often combine non-protein elements including metals to carry out their reactions. Evolution has utilized the chemistry and physics available to life to build a transmembrane electrochemical gradient. Improved understanding of these processes can open the door to the rational improvement of biological function. For example, active research focuses on areas as diverse as increasing photosynthetic energy storage to improve crop yields [2] to limiting the creation of toxic side reactions that trigger many mitochondrial and neurodegenerative diseases [3] [4] [5] .
We describe a conceptual framework for systems that can move protons from lower to higher concentration, and then will discuss key experimental and computational advances that have contributed to our understanding of this process. Studies of these systems cross the boundaries between biology, chemistry and physics.
The different types of reactions that contribute to the electrochemical gradient
One element of the field of bioenergetics is the study of the transformation of one form of energy to another in biological systems. This interdisciplinary area can create confusion as each type of reaction is often studied with different techniques and different nomenclatures are used for their energy scales. Examples of reactions described in their exergonic, energy releasing direction include (figure 1): the movement of electrons from a molecule with a low reduction potential (more negative E m ) to one with a high potential; the movement of a proton from a group with a lower proton affinity (lower pK a ) to one with a higher affinity; the bond breaking in high energy chemical reactants to produce lower energy products; the movement of a molecule from a compartment at higher to lower concentration; or movement of a charged molecule down an electrical gradient; and other proteins catalyze mechanical reactions. Most enzymes catalyze metabolic reactions that are favorable and occur spontaneously because they release energy. Endergonic reactions that create a higher energy product must be coupled to another reaction that releases energy. The energy transformations that will be discussed here show how light energy or the energy released by moving electrons from low reduction potential donors (derived from the Kreb's cycle and ultimately originating from food) to high potential acceptors fuel reactions that move ions across the membrane to increase and maintain a high-energy, transmembrane electrochemical gradient.
The transmembrane electrochemical gradient
Living organisms require a constant source of energy (see [6, 7] and references therein). Ultimately, sunlight harvested by photosynthetic bacteria and plants is the source of all biological energy. This energy is stored in high-energy molecules such as those with reduced carbon (e.g. sugars and starch), other reduced molecules at low potential (e.g. NADH 2 ) and phosphorylated molecules (e.g. ATP). These molecules provide stable and portable energy sources.
Organisms also store energy in electrochemical gradients across cellular membranes, which are inherently impermeable to ions [8] [9] [10] [11] [12] [13] . Chemical concentration and electrical gradients are formed by differential concentrations of positive and negative ions across the membrane yielding one side which is more negative (the N-side) 1 and the other more positive (the P-side). These gradients exist across the membrane of bacteria and energized eukaryotic cellular compartments such as chloroplasts and mitochondria. Moving an ion or a proton up a concentration gradient takes energy even if there is no electrical potential difference across the membrane. Likewise a proton is at higher energy on the side of the membrane that is more positive due to the distribution of other ions even if there is no difference in pH on the two sides. This energy has been termed chemiosmotic potential energy because it is the sum of both a chemical concentration energy term and an electric potential term [7] . The total energy stored in the pH gradient Figure 1 . Classes of exergonic reactions that are important in bioenergetics. Reactions occur spontaneously when the final state is lower in energy than the starting state so the change in free energy (ΔG) is negative. Electron and proton transfer and reactions that change bonding are all chemical reactions, while diffusion does not change the chemical nature of the transported molecules. For reactions to occur in the opposite, endergonic direction, they must be coupled to an exergonic process, which releases more energy to ensure the overall reaction retains a negative free energy change. 1 On the P-side protons are at higher chemical potential due to the combined energy of being at lower pH (higher proton concentration) and/or at a more positive electrical potential due to the concentration of other positive ions. The N-side is at higher pH (lower proton concentration) and/or more negative electrochemical potential. The P-side is in the lumen of chloroplasts or the periplasm of mitochondria and bacteria. . The transmembrane electrochemical gradient is used to synthesize ATP, a high-energy molecule whose free energy released when it is broken down is used to power many cellular reactions including DNA and protein synthesis. ATP is produced by the F 1 /F O ATPase, a marvelous rotary motor protein where mechanical work is driven by protons moving across the membrane back down the electrochemical gradient [14, 15] . Several protons are transferred from Pto N-side of the membrane to generate one ATP [16] . The electrochemical gradient is also used to transport needed ions and molecules into and out of cells [17] [18] [19] and to fuel other processes such as flagellar motors [20, 21] The two methods by which the electrochemical gradient is built (I) Vectorial electron transfer reactions One class of proteins adds to the electrochemical proton gradient by doing chemistry on different sides of the membrane without any transmembrane proton transfer (1). These proteins include the light-driven photosystem II (PSII) [22, 23] and the metabolically driven cytochrome bc 1 and cytochrome b 6 f complexes, [24] [25] [26] [27] . The strategy these proteins use is that they oxidize 2 (remove electrons from) a small molecule substrate at a binding site on the P-side of the membrane, transport an electron across the membrane, to reduce (add electrons to) another small molecule substrate on the N-side. For each substrate the proton affinity is high enough for the reduced species that it will bind protons from the solution (pK a,red >pH) while the pK a is low enough that the molecule will release protons when it is oxidized (pK a,ox <pH). Thus the net electron transfer across the membrane from one substrate to the other causes the release of a proton on the P-side and the binding of a proton on the N-side. The accumulation of protons on the P-side requires energy, which in proteins such as cytochromes bc 1 and b 6 f is derived from the electrons being transferred from a high-energy, low reduction potential chemical species (on the P-side) to a lower energy species with a more positive E m . In the PSII complex, the energy to carry out the coupled electron and proton transfers is contributed by an absorbed photon.
The overall reaction carried out by PSII is [22] :
Water on the P-side of the protein is oxidized, releasing protons, and these electrons are used to reduce a plastiquinone (PQ) in the Q B site on the N-side, which binds protons. Requirements for function include: (a) the pK a s of the reduced species (H 2 O and PQH 2 ) have to be higher than the pH and that of the oxidized species (O 2 and PQ) have to be lower than the pH ( figure 1(c) ). (b) + P 680 is a very high potential cofactor with such an affinity for an electron that it can oxidize water (figure 2(a); (c)) the oxygen evolving complex (OEC), a Mn 4 O 5 Ca cluster bound on the P-side of PSII, is oxidized four times, replenishing the electron on + P 680 four times for each molecule of oxygen formed. Because of the change in pK a s upon each oxidation step protons are released from the OEC and surrounding protein. If they were not, a large positive charge would build up on the OEC. Losing a proton and electron in a single step keeps the electron affinity of the OEC from increasing significantly as it becomes more oxidized (a process called redox leveling); (d) after the four successive oxidation steps, four electrons are removed from two waters in a single step to form molecular oxygen, avoiding the production of dangerous oxygen intermediates such as hydrogen peroxide and superoxide.
While protons do not cross the membrane in proteins like PSII, electrons are transferred between embedded moieties over a distance of >30 Å across the protein by a series of long-range electron transfers (figure 2(b)). Proteins generally do not oxidize or reduce their amino acids 3 . Rather they bind small molecule redox cofactors such as chlorophylls, quinones, and iron sulfur clusters. The redox cofactors are bound to the protein at sites 5-15 Å apart to form a path that allows electrons to 'hop' from cofactor to cofactor by quantum-mechanical tunneling over the length of the protein [28, 29] . Often the reduction potentials of the cofactors are successively more positive as one moves across the protein towards the N-side so that each individual electron transfer step goes to lower energy, though this is not required [30] .
The study of many electron transfer proteins in the last 25 years has added to our understanding of electron tunneling between donor and acceptors in chemical systems (2) . There is a physics-based conceptual framework for quantum-mechanical tunneling called Marcus theory:
describes how the distance (r) between electron donor and acceptor, the free energy change (ΔG°) of the reaction and the energy (λ) to change 2 Oxidation-reduction or 'redox' reactions remove an electron from (oxidize) a reduced reactant to make an oxidized product or add an electron to (reduce) an oxidized reactant. A high potential reactant has a high electron affinity so is at lower energy while reduced. A low potential reactant has a low electron affinity.
(reorganize) the atomic positions of the donor, acceptor and surroundings when the electron is transferred determines the rate of the reaction [28, [31] [32] [33] [34] [35] . In addition, there are two constants: ß, which describes how the reaction slows as the reactants are separated (≈0.8−1.5Å −1 ) and c, a frequency factor (≈10 13 s −1 ). There are conflicting ideas about the importance of the types of amino acids or the protein structure between the electron donor and acceptor that have challenged our views of how evolution can optimize biological electron transfer reactions [29, 34] . Our current understanding of these proton coupled electron transfer systems has highlighted important avenues for continuing discovery, including:
(a) Modulating the thermodynamics of electron and proton transfers. Biology can use only a small number of redox cofactors for all electron transfer reactions because proteins adjust the reduction potential (E m ) and proton affinity (pK a ) of bound cofactors. Thus these systems provide lovely examples of how proteins modulate reaction free energy [36] [37] [38] . However, it remains an open problem to predict or rationally modify bound cofactor E m s and pK a s and thereby the reaction thermodynamics even for 'simple' electron and proton transfer reactions.
(b) Catalysis and control of multi-electron chemistry. Electron transfer reactions within proteins always transfer one electron at a time. The final products may accept/donate only one electron (e.g. heme) but more often the overall reaction require two electrons and two protons (quinones, flavins) or even four electron and protons (O 2 ) [6, 7] . Such multi-electron reactions require sites that can accumulate electrons (or oxidizing equivalents) to allow for full reduction/oxidation of the final product. Multi-electron chemistry is difficult, as a buildup of charge makes the higher reduction or oxidation states energetically inaccessible. Proteins have developed mechanisms for 'redox leveling' so that each of the steps, regardless of how many electrons (or holes) are accumulated, is not significantly harder than the previous one. The mechanisms used include changes in protonation of the cofactor or surrounding residues (PCET) as well as rearrangements of dipoles that stabilize different charge states. Better understanding of how proteins accomplish multielectron chemistry would be an aid to designing better catalysts.
(c) Sequestering reactive intermediates. For multielectron transfer the intermediate states are dangerous reactive free radicals [39, 40] . Reaction sites in these proteins have evolved the ability to sequester these reactive states so they remain bound without damaging the protein [41] . However, these bound free radicals can react with O 2 to make 'reactive oxygen species' (ROS), which can have significant impact on the health of the photon by a special chlorophyll denoted P 680 (upward green arrow shows increasing energy of the system). Approximate energy levels for key oxidation/reduction reactions are shown [22] . The photon raises the energy of P 680 so that the excited state has a low reduction potential and so is a good electron donor. The electron is transferred in several steps to reduce a plastoquinone (PQ) bound in the Q B site near the N-side of the membrane. The electron transfer creates + P , 680 which is one of the strongest electron acceptors in biology with a reduction potential positive enough to oxidize water. (B) An electron on the excited P 680 is transferred across the membrane (red arrows) to the plastiquinone (PQ), bound at the Q B site. + P 680 is re-reduced by electron transfer from the oxygen evolving complex (OEC). Electrons (red arrows) travel from the P-to N-side while protons (blue arrows) are bound and released near the surface. (C) The changes in pK a for the reactants and products in the reaction.
organism and which are implicated in neurodegenerative and mitochondrial diseases (3).
(d) Designing novel systems. Some of the first de novo designed proteins were created to support longrange electron transfer reactions by introducing sites for redox cofactors into novel, protein sequences with simple human-engineered sequences. These proteins can carry out efficient electron tunneling reactions [42, 43] . However, it is not possible to reliably predict and tune electrochemistry, kinetics and coupling to proton transfers. One of the grand challenges of science is to design simple, stable proteins, which can catalyze multi-electron chemistry with earth-abundant molecules in water at room temperature as the OEC does with the goal of using these novel electron transfer systems to drive other processes.
(II) True proton pumps
There are a small number of proteins that are true proton pumps i.e. proteins which transport protons across the protein from the N-to the P-side of the membrane (1). These include bacteriorhodopsin (bR) found in archaea living in high salt environments [44] and the mitochondrial proteins NADH-Quinone Oxidoreductase (Complex I) [45] and Cytochrome c oxidase (Complex IV, CcO) [46] . Proton pumping poses special challenges [47] . The protein cannot be a simple proton insulator like the electron transfer proteins described above; nor can pumps function as a simple channel as they would then allow protons to flow downhill from P-to N-side, dissipating the proton gradient.
Building a gradient requires energy input from light in bR or high-energy (low potential) redox reactive substrates in the mitochondrial pumps. Proton pumps require sites with variable proton affinity ( figure 3(a) ). The pK a must shift from being below the pH of the P-side to being above the pH of the N-side 4 . As progress is made in understanding how proteins modulate the proton affinity of individual residues we can identify how modest changes in structure can cause the needed pK a shifts [1, 48] . An oxidation or reduction of a group within the protein can significantly change its proton affinity. In addition, a redox reaction that does not lead to proton binding/ release from the cofactor changes the net charge in this region of the protein. The new electrostatic potential will change the proton affinity of nearby residues [49] : even small changes in the relative position of charged groups in a cluster can substantially change the proton affinity of individual residues [48] and regions which admit water into transiently open cavities can also lead to proton binding and release [50] . It is becoming possible to calculate pK a s with reasonable accuracy within a static structure [51] . The challenge is then to identify the relevant events that change the proton affinity. Crystal structures of trapped intermediates have contributed greatly to this endeavor [52] , but we are only at the beginning of being able to accurately describe the proton trapping mechanisms in different proteins.
Proton pumps require a proton transfer path through the protein that can be opened and closed (gated). Paths are formed of side chains and water molecules that can transiently bind and release protons [53] [54] [55] [56] . Each group on a path can accept a proton from a donor and releases it to an acceptor that is within hydrogen bonding distance. The transfer can be carried out in one of two ways: first, by a Grotthuss mechanism where a proton is bound on one side of a chemical moiety and released on the other in a concerted manner. Thus participants in Grotthuss transfers must have both a lone-pair of electrons to accept a proton and a hydrogen-bonding proton to donate. Water, hydroxyl groups (e.g. Ser, Thr, Tyr) and protonated carboxylic acids (Glu, Asp) can participate. Second, the proton can hop through the protein, where residues on the path are transiently protonated or deprotonated as metastable, high-energy intermediates. Grotthuss competent amino acids can participate in hopping, as can deprotonated acids such as Asp and Glu and protonated basic residues such as His, Arg and Lys.
Protons must move over 30 Å to cross the membrane. The Grotthuss mechanism requires that the groups participating in the transfer be well aligned at a substantial entropy cost. In contrast, hopping requires the creation of high-energy intermediates at a large enthalpy cost. Proteins may transfer protons using a mixture of both mechanisms, with rigid regions that support short-range Grotthuss-like transfers involving small clusters of residues and regions where the electrostatic potentials and hydrogen bonding opportunities can stabilize transiently charged intermediates. Proton transfer paths are sometimes clearly discernable in the protein structure, such as the D and K pathways in Cytochrome c oxidase [46] , or the proton exit pathway in bacteriorhodopsin [44] . In other cases, there are multitude possible paths from the surface to key residues as in the P-side of PSII or Cytochrome c oxidase [57] . Also there are cases such as the input channel of bacteriorhodopsin that are tightly closed in the resting state where the structure was determined [56] . Here the protein is triggered to change conformation, allowing a water filled channel to form, only in the right stage of the proton transfer cycle.
Identifying the gates that control proton transfer is a challenging problem. These must block back proton transfer in the direction of the N-side against the significant electrochemical gradient across the living membrane. Proton pumps work on a microsecond to 4 If the pK a is 2 pH units below the pH 1% of the groups will retain a proton. When it is 2 pH units above the pH 99% will be protonated and 1% will not. Thus, to have protons robustly bound and released the ΔpK a needs to be4 pH units shifting around the pH of the cellular compartment. millisecond time scale so these gates are only transiently open, with opening being rate limiting. A gate can act by breaking the connectivity of the hydrogen bond network. Alternatively, the free energy of placing a proton in the pathway can be raised. The gates blocking proton transfer can be found at any point on the pathway. Some systems have no pathway in their resting state, thus the challenge is to understand the driving force that leads to a channel opening. However, other structures show a relatively complete water-filled proton transfer path. Here the challenge is to identify what keeps the pathway closed to block wrong-way proton transfers [58] .
The OEC of photosystem II produces almost all of the O 2 on earth. Cytochrome c oxidase (CcO) evolved later to utilize the energy that is released on reducing O 2 back to water. The overall reaction carried out by CcO is [46] :
--bringing 4 electrons from the P-side to meet 4 protons from the N-side ( figure 3(b) ), while in parallel, 4 protons are pumped from N-side to P-side, making the P-side 8 units more positive for one oxygen reduced to water. While CcO reverses the reaction carried out by the OEC in PSII they use very different clusters, with a Mn 4 O 5 Ca at the heart of the OEC while a heme and Cu form the binuclear cluster (BNC) in CcO. It is not at all clear why these redox clusters are used in these different proteins. Four electrons are accumulated in the BNC so O 2 can be reduced in a single step by CcO to keep from forming toxic ROS. This same strategy to do all the oxygen chemistry in one step is used in the OEC when O 2 is made. The redox chemistry carried out in the BNC is different at all four stages of reduction (going through states with cytochrome Fe(II), Fe(III) and Fe(IV) together with Cu(I) and Cu(II)).
As the remaining uncertainties about CcO demonstrates, x-ray crystal structures of a protein do not directly provide the elements required for pumping. First, the residues that change their proton affinity to bind and release protons and barriers to back proton transfer remain to be identified. It is likely that a glutamatic acid side chain (E286 in figure 3(b) ) is one of them, however its proton affinity is high, with a pK a calculated to be >10 in all known crystal structures. Another staging ground for protons has been designated the proton loading site (PLS in figure 3(b) ), which may be a delocalized group of residues [59] . Second, coordinated with each reduction of the BNC, Figure 3 . (A) A proton pump moves the cell out of equilibrium, preserving the input energy in a transmembrane electrochemical gradient. This minimum pump has 2 gates and one group with changing proton affinity that can be accessible to either N-or P-sides. Following the input of energy the proton affinity of an interior site increases so a proton is bound (red, more negative region). The proton transfer chain is open to the N-side so protons must come from the side at low concentration. The protein then closes the door to the N-side, opens it to the P-side and reduces the proton affinity of the key site (blue, more positive region) so the proton is released to the P-side. A working pump is likely to be more complex, with more than two gates as well as a chain of residues whose proton affinity changes in a sequential manner to move the proton in the right direction through a series of intermediates. (B) Electron and proton transfer through cytochrome c oxidase (PDB:ID 2GSM) [75] . Four electrons are obtained from 4 reduced cytochromes c on the P-side and passed to O 2 in the active site (BNC, binuclear complex), which is made up of a heme (heme a 3 ) and a Cu (Cu B ). Protons travel to the middle of the protein via 2 channels from the N-side that are easy to see in the structure (left dashed arrow: D channel and right dot-dashed arrow: K channel). The proton path splits at Glu 286 (E286 in the center of the protein) delivering one proton to the BNC and one proton to the proton-loading site (PLS, blue circle on the P-side of the protein) for each electron. Protons are unloaded from the PLS to the P-side [59] . E286 must release one proton to the PLS and another to the BNC. There is no obvious gate to control this proton transfer. Third, despite the difference in redox chemistry involved in each reduction step two protons are taken up and one released in each stage of the reaction. Protons can be driven from N-to P-side against a 200 V gradient that favors proton transfer in the other direction. The mechanism by which different redox chemistry can lead to identical outcome for proton transfer is unknown.
PSII and CcO are two examples of proteins that help to turn the energy of the Sun into energy that can be used in biology. With the important exception of the details of water oxidation in the OEC, the reaction scheme in PSII is well worked out. Much of this is due to the nature of the PSII reaction, which provides key advantages. The ability to initiate the reaction with short bursts of light allows the process to be synchronized. In addition, the electron transfers in the internal reactions are accompanied by large changes in absorption spectra so it is possible to clearly see the reaction process unfold. Thus, in PSII we have a well-understood pathway with which we can work to understand how the protein controls the reaction rates and thermodynamics. In contrast, in CcO research is still very much concerned with how to meld our simple model ( figure 3(a) ) with the actual protein ( figure 3(b) ). The question of what residues or groups of residues are binding and releasing protons, how their proton affinity is controlled and how the paths are opened and closed are far from settled. This system thus provides an example of how difficult it is to move simple, 'obvious' models into the complexity of living systems. This melding is a basic goal of studies in molecular biophysics.
Studying mechanisms of protein function in the past and the future As we have outlined, a great deal has been learned about the membrane proteins that conserve energy by adding to the proton gradient in the last 25 years. Of major importance has been elucidation of the structures of the proteins through x-ray crystallography. The crystallization of membrane proteins remains difficult and even today they compose only a small percentage of the structures in the protein structural databank [60] . Nobel prizes awarded for the crystallographic determination of the structures of the photosynthetic reaction center [61] and the F 1 /F 0 ATPase [62] highlight the importance of this class of proteins. Cryo-electron microscopy has begun to provide structures of individual protein at increasingly high resolution [63] .
The light-activated proteins of photosynthesis have allowed the sequence of events that lead to proton and electron transfers to be studied in detail by initiating the reaction with a flash of light, synchronizing all molecules in the sample. In addition, as the substrate is light, reactions can be studied in frozen samples, enhancing the studies of quantum tunneling [35, 64] . Improvements in time resolved spectroscopy closely tracked advances in light sources, from microsecond xenon-flash lamps to nano-, pico-and femtosecond lasers. New multi-dimensional techniques using infrared and optical wavelengths allow us to see quantum coherence effects in electron tunneling or in correlated excited states [65] . In addition, femtosecond x-ray crystallography promises the observation of light-activated, time-resolved protein structures at room temperature, moving closer to the long-term goal of seeing a moving picture of the structural changes through the reaction cycle [66] .
Consequential new understanding has come out of the use of directed mutagenesis. These molecular biological techniques are now so common that it is easy to forget that 25 years ago, making mutations was a very difficult procedure. Now specific residues are routinely changed to study their importance. Looking to the future, individual proteins and whole metabolic pathways can now be added or deleted allowing one to consider how to design cells that produce desired products. The challenge now is to predict the specific mutations or global designs that result in a protein or a cell that does what you want it to do.
Computational methods provide other ways to obtain detailed analysis of protein structure and function. There are a variety of methods to analyze the proton and electron transfers through the proteins described here [51] . The energy of electron and proton transfers is often studied with Monte Carlo sampling and continuum electrostatics (MC/CE) to compactly account for the averaged polarization of the system by the changing ionization states [67, 68] . Molecular dynamics (MD) can evaluate the energy landscape of protein structure, tracking fluctuations and local and global minima in defined reaction intermediates. MD alone cannot change the chemical nature of the molecules in the simulation. Constant-pH MD (CpHMD) methods promise to be able to combine the strengths of full conformational sampling in MD with the ability to hold protonation and redox states in equilibrium, a strength of the MC/CE methods [69, 70] . Density functional theory methods routinely allow quantum mechanical analyses of small (≈100 atom) regions of the protein [71] . QM/MM (quantum mechanics/ molecular mechanics) embed a small region that is treated quantum-mechanically into the full protein, providing a much better description of how the special protein environment affects the reaction of interest [72] . Recent work has begun to analyze ensembles of structures with course grained structural models to make models of entire membranes allowing for consideration of energy transfer between proteins [73, 74] .
The current computational methods are far from mature. Thus, it is not yet possible to design a protein with the desired reaction thermodynamics for electron or proton transfer reactions. There remain errors in the many parameters used for classical (MD or MC) analysis. In addition, it is often very difficult for calculations to come to convergence. Most reactions of interest take place in microseconds to milliseconds, while routine MD simulations are on rarely extended into the microsecond timescales.
It remains a challenge to understand the details of how life maintains its out-of-equilibrium-state. Deeper insight will come from studies of individual proteins, of assemblies of proteins in membranes and of fluxes through entire cells. Progress in the basic goal of understanding these processes will enable us to modify them at will, with rules based on physical laws.
